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i3STiu\CT 


Kolslsy pressure bar setup is designed, fabricated and tested 
for its working. Jin jlir-gun of 20 mm bore is perfected alorg with 
accessories such as low rise time strain gauge circuit, triggering device 
etc. Ihe technique is used to determine stress strain curve of materials 
at high rate of deformation. 

iln application of the Kolsky technique to determine stress 

strain curves at high strain rate on the CY 230 epojcy material is given, 

A short specimen is sandwiched between two elastic bars and is loaied by 

a single stress pulse of 115 microsecords duration, propagating tharou^ 

the bars. Incident, t3?ansmitted and reflected pulse are recorded through 

strain gauges on pressure bars, with the help of a storage oscilloscope. 

-1 -1 

Strain rates range from 920 sec to 1450 sec . St3?ess vs, strain curves 

at high strain rates are compared with a quasi static curve. IThe results 

rate 

indicate that the GY 230 epcoy is highly strain^ensitive. 



CHAH}Ea - I 


lUTRODUCTIOiT 


The mechanical behaviour of marQr metallic and norwnetallic 
substances has been knovm to be affected by the rate of defoliation. 
Por exmple, IIOO-O Aluminium shows 15 % increase in its strength under 
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a strain rate of 2,6 X 10 sec • Therefoire, the study of dynamic 

behaviour of materials is important frm several point of views, such as 

fabrication, cutting, failure criterion, strength and mode of failures 

etc, For exaaple, in deep drawing viiere material defoims at a high rate, 

one should know how much additional load is required due to hi^er stressea 

2 , . . 

Another exaaple can be of few investigators studying machining process 
at hi#i strain rates. Further more during collisions, material is stron- 
ger than ?feat is predicted by the conventional tests; an Aeroplane body 
can with stand high contact stresses when a large bii-d impacts its body. 


Lfeasuranent of dynamic stress— strain behaviour is a difficult 

* 

probloii. The conventional type of material testing machines such as 

-2 -1 

Instron can produce a maxinixi strain rate of the order of 10 sec . 

Therefore unconventional methods have to be devised for study at hi^ 

3 -1 

strain rates of the order of 10 sec . 

11 

For 1iie first tine, Kolsljy in 1949 measured material prope3>- 
ties at hi^ stzain rates. He caipressed a daort piece of specimen 


* Gives the reference number 
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between two loig, haixi and elastic bars of circular cross section. He 
naned the technique after Hopkinson^ and called it Split-Hopkinson bar. 
Hopkinscn was the first person to study waves in a bar, but he never 
designed to raeasure material properties. Ihe technique has been accepted 
very well throughout the world in the last thirty years and recently, 
investigators^ have started calling it as Kolsky Pressure Bar technique. 

In the technique the specimen is loaded by a single pulse travelling 
through the pressure bars. Detonator was used to give velocity to a 
striker bar, v^ich is short in length empared to the pressure bars. The 
striker bar impactsthe free end of the pressure bar generating a tran- 
sient stress wave propagating through the pressure bars and the specimen. 
The pressure bars used, serve both as loading aediuri as well as trans- 
ducers. Kolsky used a cylindrical condenser microphone fixed over the 
pressure bars for strain measuroBents. Also, Kolsky introduced a very 
simple data processing method to obtain a relation between average stress 
and average strain. 

Davies and Haunter^ (l963) used Kolsky bar to determine the 
behaviour of sane metals, like annealed Cu, Al, % and seme Polymers. He 
used cempressive loading pulses of duration 50 microseconds. Idndholm 
aM Yeakley”*^ (1968) extended the Kolsky technique for obtaitdng complete 
stress-strain curves at strain rate of 1000 sec • Thus they were ehle 
to determine the properties of Alxaainhm in both tension and ccmpressicaa 


modes. 
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Dharan and Hauser^ (l970) reported stress-strain relation at 

compression test on Aluminium at strain rates fran 4000 sec to 
„ -1 

120,000 sec , Although they made corrections for lateral inertia, vfaile 

_1 

the data to obtain strain rates as hi^ as 120,000 sec in uniaxial 
stress mode is questionable. 


The Kolshy technique has been used by many investigators, only 
with slight changes such as using strain gauges for measuring strains. 
It is, therefore not possible to mention all tests conducted so far. 


C 

huffy, Campbell and Hawley (l971 ) modified the technique to 
torsional method in which a toi^ional pulse instead of compression pulse 
is passed throu^ a specimen. The torsional pulse was generated by the 
simultaneous detonation of two explosive charges and the pulse was anoo- 
thened by using a pulse aaoother* The mechanical behaviour of the mate- 
rial (stress-strain curve) was directly obtained on oscilloscope screens 
by using operational amplifiers and integratiig circuits, 

9 

Jahsnan (1971) has applied a one dimensional elastic wave pro- 
pagation analysis to assess the validity of the Eoisky formulas for mea- 
suriiTg dynamic material behaviour. He showed that vhen one dimensional 
effects dominate, by careful selection of design paraaeteis, such as 
specimen length and pulse ^ape one may use the Kol^cy formulae with 
co-Tfidence, 


Amijma Sadao and Tore Hujii 


16 


(l976) have conducted experiments 


on glass fibre reinforced conposite materials, Th^ prepared the 
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spacisten by laying glass fibre cloth sheets parallel to each other in 
epoxy niatrix. Strength of such coaposites increases with increase in 
s'orain rate and with increase in volunwZ. fraction. However, they did not 

look into the reasons of high stresses needed tc defom at high strain 
raxes. It may be due to strain rate sensitivity of epoxy or may be due 
to different characteristics of bo^iis between the fibres and the matrix. 

fhe main object of the preserrfc V70rk is to develop a facility 
of Kolsky technique in the Mechanical Ergineering Department of Indian 
Institute of Technology, Kanpur. This incli;des design, fabrication and 
installation of a 20 mm bore Air-gun to be powered by compressed Kitrogen. 
The gun is fired with the help of a control panel such that the Nitrogen 
gas is released quickly through the barrel. It also includes design of 
o'ther accessories such as strain gauges, triggering device, low rise time 
circuits for strain gauges. 

The Kolsky bar setup is to be used to determine the dynamic 
sxress-strain curve of epoxy, which is very commonly used as matrix 
notorial of composites. The out line. of the thesis is as follows: 
theoretical foimulation is described in Ghapter-2j experimental techniques 
is given in Chapter-3 i results and discussion are described in Chapter-45 
concluding remarks are made in Ghapter-5. 



CHAITER - II 


THBOREIIGAL iKDBMQIAglOIT 

Kolsky pressure bar technique is based on the theory of elastic 
wave— propagation in circular bars. When a shock load is applied to an 
eM of an elastic bar, the bar works like a wave guide. Ihe shock wecve 
travels with velocity /E/P , where E and P are Young’s Modulus and 
density of the bar material, fhe state of stress in the bar is uniasial 
which means there is only one non-zero component of stress it raaains 
uniform across the thickness of the specimen. When a thin specimen is 
compressed between two elastic bars, its ends move with different velo- 
cities and therefore, the specinen deforms. Eurther more, as the ^ock 
front enters the short specimen, it reverberates and makes the stress 
more or less uniform in a short time. Kolsky ^owed that by measuraaent 
of stress waves alone in the two elastic bars, the entire information 
about stress, strain rate and strain in the specimen can be obtained. 
Kolsky pressure bar technique is schematically shown in Eig. 1 . The 
apparatus essentially consists of two long and circular bars generally 
known as Input and Output bars. They are identical in cross-section and 
chosen such that they always remain elastic. A ^ort piece of specimen 
is sandwriched between the two bars. The specimen is subjected to a 
cempressive loaiing,i!fien another bar, the striker, impacts the other 
end of the input bar. The striker bar is accelerated by sxl air gun. 
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The input aod output bars act as a means of loading the specimen 
q-nd also as transducers to measure the stress levels. The strain gauges 
mounted on the bars give the stress history. Stress v/ave-propagation 
in the bars are shown conveniently through a time-distence diagraa of the 
Pig, 2. Distance x is chosen alorg horiaontal axis, while time t is 
chosen along the vertical axis. Por better visualisation the striher, 
input p<rid output bars alorg with a specimen have been drawn above the 
t— X digram. Time t is measured from 'the instant the front end of the 
striker touches the input bar. 

At the instant of impact, compressive stress waves start pro- 
pggatirg in the input bar as well as in the striker wi'th the sound velo- 
city. Stress <J — and particle velocity v , are governed by consciva— 
tion of mcmentum equations, strain, displacement and constitutive rela?- 
tions. Por a simple case of linear elastic material, the governing 
equations are Hyperbolic. Simple relations a3re obtained aloig charac- 
teristic directions hrvipg slopes + C and — C, The relations along "the 
characteristic are 

d-r- - fCdv =0 along + G characteristic 
d<r + fG =0 along - C characteristic. 

The product f G plays an very important role, because it relates stre^ 
with particle velocity and is generally Imown as acoustic Snpedence. 
State of stress at the impact interface between the striker and tiae 
input bar is ob'badned by writipg the gimp relations between points 1, 

2 and 3. Noting that for the striker just before the impact, stress 
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ij~= 0 and particle velocity v is equal to the velocity V, one obtains 


-1- -ro V, = - Po vj 


= 0 - .'^C Y 


( 1 ) 


Relation along the characteristic 1 - 3 is 
•JTf +/g + f C vj 


= 0 


( 2 ) 


because stress ard particle velocity of the input bar' at t = 0 are zero* 
Solving equations 1 and 2 one obtains 





(3) 


and v^ = V/2 


(4) 


The negative sign signifies that the sxiess is compressive. 
This state of stress at the impact interface betvroen the striker and the 
irqjut bar is unchanged until a wavefront arrives after being reflecxcd 
from the end of one of the two bars. Since the striker bar is shorter 
in leigth the compressive wavefront encounters its free surface (c7“= o) 
and is reflected back into the bar to reach the impact face ^own by 
characteristic B-C in the figure. Particle velocity at the point 11 is 
fcnnd by the equations 

+ pc v^^ = ^ + fC v^ (5) 

or, 0 . fo V,, = . -£p- 

or, = 0 

which means, the striker attains zero velocity ard zero stress once the 
reflected pulse wave front sweeps the striker. Consequently, after 
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twice the propagation time in the striker ( s/G ) the interface at x = 0 

no longer has any ccsapressive stress. The compression which acts on the 

impact face for the time interval takes the eiape of a ccmpressivc 

pulse In the input bar. The boundary conditicni on the input bar should 

5d 

generate a square pulse with small rioc timej \ ~ ? where d is the 

diameter of Ihe bar. 

ve J-ocity 

The pulse propagates with the speed of sourd^G in the input bar 
till it hits the specimen. Due to difference in acoustic impedencesj 
part of the pulse is reflected into the iiiput bar and rest is tranaaitted 
to the output bar. Within the specimen thete ax'C several reverb erax ions 
of the stress waves between tho -two clastic and hard rods. Figure 3 
shows relationship between stress and particle velocity for both the 
pressure bars and the specimen. The line BG coiresponds to the input 
bar and has its slope equal to - f'O. The line AB correspoMs the output 
bar and has a slope equal to + POm Since the So laky pressure bars are 
chosen hard (hi^ tipoustic imped cncc) in cemparision to a specimen, the 
slope of the line AD, which represents the /acoustic impedence of tho 
specimen is smaller as ^own in the figure. In fact, when the incident 
pulse caches the interface of the input bar with the specimen, the state 
of stress is given by point D. Simil'crly ffhen iiie ^.’avefront reaches the 
rear end of -tSie specimen the state of st 3 ?oss is given by the point E. 

The reverberation, continue till tho final stress level is reached. At 
hi^^er stress level, the \ oooustic impedence pC is still smaller due 
to its plefitic defomation and the slope of lino KL is much lower in 


STRIKER -INPUT BAR SPECIMEN OUTPUT BAR 



DISTANCE (mm) 

Fig. 2 Time- distance diagram 


11 


ccnparison to that of the line AD. Therefore the stress variation within 
the specimen is snail and one can even assuue it to be unifom alorg the 
lergth. 

Stresses of the incident and reflected pulse are recorded by 
the strain gauge (figure 2.) and the stress level of tranaiiitted pulse 
is recorded by the strain gauges Sg* ^iie recorded infomation is mployod 
to evaluate stresses and particle velocities at point 4 and 7. 

Relations aloi^ characteristics 4-5 ard 5-6 arc 

(37 - pc V. = (VT - Pc v^ 

^4 ' 4^5 5 

(7^ + pc v^ = 0 

Elinlnating v^ one obtains 

= ( 6 ) 

Sinilarly, relations along characteristic 4-12 and 12-13 

are 

£7^+ Pc = OPs + pc 

a^2-f:vi2 = o 

Again eli m i na ting v^g these two equations 

fc V4 = (7) 

Equations 6 and 7 yield 
04 = £7^5 + Oli 


( 8 ) 
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and 


^4 = " 


^ - ^2 

Fo 


(9) 


Similar method is adopted to ohtain gjpd intajms of 
measured stress (3^. Characteristic equation aloj:^ 7 - 8, 7 - 10 and 
8-9 are 


Orj - 

0 

ii 

1 

f=Vg 

(10) 

07 + 

^ = 'To ^ 

T’'io = ° 

(11) 

07+ 


pc Vg = 0 

(12) 


By solving the tbo-ve equations one obtain 


o-f = cri' 


V = 

7 


£8 

fc 


(13) 

(14) 


Since the equations 9 and 14 express particle Telocities of the 
eni faces of the specimen, the strain rate is given by the following 

expression. 

♦ 

€ 


Y — "V 

-2.- , i 


or. 


or. 


e = 


<25-01 - C7^2 

fCh 


(15) 


And the average stress in the specimen is 

or + cn; 

< 3 -^ — — I 

2 

'''12 " ^8 




(16) 


If symbols I, E and T are employed to represfjnt incident, r«f* 
lected and transmitted pulses, the above two importajffc equation changeB 
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^ = 

CJj CJ^ 

( 17 ) 

fCh 

rr^ 

2 

(18) 


The straia is deteKained hy integrating the equation 17 aa 
shoT/n in the following equation 


c 


( ( ” <3^ ~ ■C>"p) <3.t 






(19) 


o pch 

For many materials the sound velocity C is small at a stress 
level where the material is being deformed plastically. Then the accous- 
tic Impedence is also small aM the equations 15 and 16 can be simplified 
by assiming ~ *^^*7 

Equations 8 and 10 give 
^ <7F 


Substituting these in equations 15 and 16 to obtain 

. 2(o^-o-e) 2((T^-U-) 

^ ^ f Gh ^ ^-^h 

The averse stress ^ifiipiifies to 

d==oi = <7i- (21) 

In 1±iis particular c^e the strain gatge on the output bar directly 
gives stress in the specimen. 



The technique is simple and direct but has its own li mit ations. 
In the first few i:evexbeiatijons in 1he specimen stress level is low and 
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non-unifoiiii and therefore expressions used for data processiiqg are not 
rigorous* As a matter of fact there is aHwaj^s an uncertainty of what 
happens at low strains# 

Another limitation is that at extremely high strain rates say of 
the order of 1000 sec , stress wave propagation in the bars are Tsry 
highly influenced by the lateral surfaces which are free# So any load- 
ing of a specimen will have to depend on the release of hoop and radial 
stresses with the help of lateral free surfaces# Thus the process involves 
a time constant aM the specimen cannot be deformed at very high strain 

rates* However ^ recently attempts have been m^e by constraining the . 

4 5-1 

lateral surfaces to obtain strain rates of the cider of 10 to 10 sec • 

Whatever the sho 3 ?tcciiLings are of the Kolsty bar setup, it is 

still the only one known so far# Ho matter how fast a specimen is piiUad 

in a conventional machine like Instron, the strain rate is several orders 

2 3-1 

le^ than the typical strain rate of 10 — 10 sec through Kolsky bars# 


CHAHEa - III 


EXHEIMBICTAL gBCHKIQ'JE 

Kolsijy pressui^ bar apparatus is shown schQB.atical3y in Pig*1 
pna the actual setup is shown in FigiY* -he apparatus mainily consist 
of an Air G-un, two long elastic mild steel bars called Input and Output 
bars, Striker bar. Strain gaiges and their bridge circuit, Hionogram 
needle and a TeJcfcronix 7633 storage type oscilloscope. Each of these is 
discussed urder respective titles. 

Air Gun : 

The cross-section of air-gun and its controls is schematically 
shown in Eig. 4. The Air-gun mainly consists of a breech and barrel 
assoably* The barrel asscaibly if^ich is conjoected to iite breech is a 
steel tube of 20 mm. irrtomal diameter ^ich houses a striker of 19*7 mm. 
diaaeter. The hreech assembly consist of two pressure chambers snA a 
piston assembly. The right end of the piston assaably carries a conical 
nylm rirg which fits into the matching conical end c£ the barrel# The 
loft end of the piston assaably moves in the lew pressure chmber aad its 
movement is regulated by the pressure on either side of the piston in 
the lew pressure chsmber. The valves and are used to pressurise 
the chambers, while valves II 2 J used to release the pressure# 

Eor fixing the gun,the high pi^ssurc ^siaber is first scaled by moving 
tluj piston assoably to "Hio right by pressurising the rear e33d of the 
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and control panel 
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pistcaa in low pressure diamber* Kow high pressure chaaber is pressurised 
by openirg valve 72* l^hen the pressure in the low pressure chamber is 
released. The pressure in the high piessurc chamber is sufficient to 
keep the piston assembly in position and hence keep the hi^ pressure 
chamber sealed. The front end of the low pressure chamber is pressurised 
by operating the lever of a fast opening valve !, to move the piston 
assembly to the left at hi^ speed. This unseals the barrel and the gas 
in the hi^ pressure chamber ru^cs into the bairel to accelerate the 
striker. The breech assembly is designed to withstand 10 MPa gas pre- 
ssure. 

Kolsky Prcssuix; Bars and Striker i 

Kolsky bars consist of two identical bars of samo -diemeter 
(20.3 naa) and length (^0 nm) with their faces machined perfectly flatj 
the faces arc further polished by fine emery papers and are buffed using 
a felt cloth to obtain mirror like polish. Both the bara and the striker 
are made of mild steel. The bars are aligned accurately along the axis 
of the gun bairrel. In order to minimize the effect of any misaligment, 
the front face of the striker is rasichined into a spherical shape with a 
radius equal to fifteen times that of the bar. This ensures Itoat a mJs- 
alSgncd striker will alsrays mste a point c(Bitact on the flat face of the 
input bar. Althot^ liie rounded front face of the sti*iker bar gives a 
slowly rising y»tnp tgq>c a£ ehodk frcaot, it does not ceanae aigr prc^laci 
as a doock in the bar has its own rise time. Far the 20 m bars Vxe rise 
tine is 20y^^c., which is large enot#i to absorb irregularities due to 
the rounded end of the striker. 
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Strain G-auges s 

The stress level of the pulses are nonitored through strain 
gauges* The strain gauges on the input bar cannot be glued clc©e to the 
interface end (vdiere the specinen is placed) because front end of the 
reflected pulse is superinposed on the tail of the incident pulse* Por 
a striker of 285 nn length strain gauges are placed at 425 nn frcn the 
interface end. By the tine the reflected pulse reaches the strain gauges 
the incident pulse has already crossed the gauge ffrvi thus fulses are sepa- 
rately recorded. Two strain gauges are nounted dianetrically opposite 
on each bar. 

In the caitput bar, the strain gauges are glued again at 425 nn 
frcn the interface* Because the strain gauges are placed at equal dis- 
tarce frcn the interface, reflected pulse in the input bar and the trans- 
nitted pulse in the output bar reach the strain gauges at the sane ins- 
tant* Then the recording can be nade on one oscilloscope chqpping feo 
bem* In addition, the relation between the reflected pulse the 
tranauitted pulse can be easily seen for the entire duratioiu 

Strain gauge Circuit t 

In ■Qiis kind of e3q>erineirt , stress waves are nainly Inugitudi— 
nal type* But due to eeoentrie inpect between the striker and the input 
bar, f leoniral warres nay generate* Althou^ the net effect of Itie f leia- 
ral waves caa average stiTese a straih is negligible, one has to l>e care- 
ful in cancelling Ifae effect while cseasuring the stress throng^ etrahi 
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gauges. The Wheatstone bridge circuit is found to be useful for neasuav 
ing dynaaic strains. Two strain gauges are glued dianetrically opposite 
on a pressure bar and they fom the opposite am and of the whoat- 
] stone bridge circuit as shown in the figure 5. Each gauge is 3 on long 
and is of 12 resistance. 


Eig. 5 shows the strain gauge bridge circuit. Resistance R_ 

3 

of the bridge circuit corresponis to a dunny strain gauge raounted on a 
auall aetal rod of saie dianeter as that of the pressure bars. It is 
identical to active gaiges in sise and resistance. Resistance R^ corres- 
ponds to a constant resistor of 100 connected in series v/ith a 50 
potontioQetcr. Another 2000 ^ 1 , precession potentioneter is connected in 
parallel to the 50-5^- potent iota eter. The 50-^ and 2000 potentioDcter 
provides coarse and fine balances respectively. 

Another resistor of high resistance R along with a shortirg 

o 

push button is connected in parallel with the strain gauge Rg* 5?he 
calibration resistor R^ is of variable type.When the >pu^ button is 
shorted the resistance accrcss the gauge R 2 changes, which in tum gives 
an output on the oscilloscope. Thus it gives a direct calibration relar- 
tion between the resistance daarge of the gauge and voltage deflection 

V on the oscilloscope. 

c 

Before every noasurecienn; a null point is obtained by controll- 
ing the potent iaaeters. 

Then = 0 

or E^ = Eg 



R[ = 100 Sl Resistance 

R 2 = 120 J1 Active strain gauge 

R 3 = 120 iX Dummy strain gauge 

R 4 * [20 ifX Active strain gauge 

Rp = 50 iX Potentiometer 
Rp,.= ZKSL Precession potentiometer 
Rc * 50 K £L Vartobie type calibration resitance 
V = 9 V D.C. Battery 
AE« Bridge voltage 

Fig. 5 Bridge circuit 
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cr. 


Eg V 


“1 




1 

R., •+R 
3 4 


orj E^ Ej = R^ R^ = sijice Eg = R^ = E 

’./hen the calibration resistor R^ is connected in parallel to 
strairi gauge Eg by pushing the push button S, the overall resistance 
changes by /NEg* 

Eg R 

Then E, = - - T-^- 

+ R 


where Rg^ is the equivalent resistance, and 

ARr 

vsfcich gives 


^2 

ARr, 


^2e ~ ^2 
Ho 


- Ro 


Eg 


Rg 


+ R 


The gauge factor of the strain gaiges is defined by 

/®2 


S = 


whore is the strain in the gauge. 

Therefore the strain induced due to chstge in R^. 

_ Eg 

Correspond irg to this stirain calibration -yoltage is directly read 
f roan the oscilloscope screen. Since the stress pulses are oonitored 
through two gapges the voltage output is double for the saLe strain. 
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I rigger 113^ MechanisDi i 

The oscilloscope whidi records the output frcm. the strain gauges 
is used on a sirgle sweep mode and it should be triggered before the 
wave front reaches the strain gauges. The scope is triggered by a 
phonogram needle clamped to the input bar with the help of rubber bands 
as ^own in figure It is placed elcsi^ tr the strilcing end of the 
input bar so that its output can trigger the cscilloscope before the 
wave front reaches the stiain gauges. The needle remains noinal to the 
surface such that its tip touches the bar. A stress pulse deflects the 
needle to activate inbuilt pieao electric crystal. The electric signal 
frem the crystal is large enough to trigger the csciUcscope when the 
signal is fed to the external triggering toiminal. 

Oscilloscope t 

Tefctionix 7633 oscilloscope is used for the measuranents. This 
is a storage type oscilloscope capable of storing the signals at a fast 
writting speed. The feature is very useful to record transient t 3 fpe of 
signals. The oscilloscope can take two vertical plugins rnd therefore 
two signals can be recorded by chopping the bean. The Input bar 
strains are measured by ordinary preamplifier at 5 mY/divininn. 
sensitivity, vhile output 'bar strains arc mesured by ccmparatively more 
sensitive diffc 3 rential comparator ping in, with a vertical sensitivity 
of 2 mV/division. 

The signals from the wheat bridges are of very low vol- 
tage (l — 10 mV) gfnd therefora causes problem Aile mea^riig thm. 
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This is mainly due to noise created by line voltages, radio sjgmls and 
most often induced voltages in the circuits. In fact the amplitude of 
the noise is more than the signal itseif . The remedy for the problem 
is to use good quality shielded wires with B and C type connectors. The 
noise is further reduced by grounding the Kblsljy pressure bars and the 
box containing tbe bridge circuit. 

Specimen and Its Preparation ; 

In this study epoxy specimen are employed. The raw material 
was bought frcm Ciba CY 230 type resin aM HY-951 typo hardcer arc 
used. A special mould shown in Big* 6 is used for preparation of the 
specimen. The inner surface of the mould is prepared by applying a thin 
layer of greese properly. Then a well stirred epoxy resin and 10 Ja 
hardner so In* is poured into the mraild. The mould was placed in a va- 
cuiM chamber to roiiove dissolved air Ixibbles in the solution. This 
mould is taken out and a pressure of about 0.5MPa ^ appliad throu^ 
a plunger and dead weights. The specimen are cured at rocm tanperature 
for 5 days. The cast epoxy red is machined accurately to 18,5 mm outside 
diameter pind 8 mm inside diameter and to a length of 7 mm. The two faces 
of the specimen are machined exactly parallel and perfectly flat. They 
are polished by very fiaas emery paper and then buffed by felt cloth. 

The specimen is much shorter than the diameter of the bars 
unlike in. case of metals where lergth is generally chosen eqi^l to the 
diameter of the bars. The modification is necessary due to -&e fact 



tlir.t the bound Telocity in opoxj’' is mch see Her tJ"”n in uotols. If the 
specimen is chosen large there will be only few reTorbe rat ions within 
the spe'ciEiGn arid the stress v/ill net be unifom, 

Another problcn arisc-s v&ien the Icstgth of the speednen is 
snail. The free lateral surfeces are nev; far oway fren the bulk of the 
natcrial and the state of uniaxic.l stress is not achieved. Infact, 
aatorial feels lateral stresses (radial and hcop stresses). In order to 
niniuise such undesirable effects 8 de, dimeter hole is provided, The 
free surfaces of the hole releases the lateral stresses. 
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im. 6 : 1CW3D TO PHBEAEB 

AIOHJ WHE PUJIGER 



^7 



IE. 7 : KDISKT lE^URB BAE APB£R£S!^ 


/ 



FI&. 8 : PIRHE COffl?EOL EilBL 


I 






PE. 9 : IHOHDGEAM HEEDIE A3?IAGHED 50 
IHB T TTP TTP bar 5*CR TREGffil]^ 
AN OSGIIiIDSCOIE 


FE. 10 ; OSGIHC^OBB DIBPIAI WHHOTT 
AHY SEBCIMEir :^WES1 HEOT 
AMD Omm£ BABS 

HOEIZOHEAL SHEP BiffiB - 50 MICRC^EC0!ID/DIV. 
IWliakIs SEiJSIEIVin!!: 

UEEER ISACE - 5 l«r/l)I7ISI0H 
IDIBR THACE - 2 W^WISIOE 
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Hiatches With the observed value within five percent. Further the 

top portion of the incident pulse is not a perfect straight line as predic- 
ted by the theory. The undulations is caused by the super imposition of 
noise on the pulse. 


Although the calibration resistance E dees provide a relation 
bei5(een the oscilloscope voltage output and strain, velocity of the 
strilcer is measured directly to check this calibration relation. The 
direct velocity is measured through charged pins as described in detail 
m Appendix: A, The stress level of the incident pulse is measured to 
be 168 MPa vhils the stress pulse magnitude calculated frcE the velocity 
of the striker is 160MPa. The difference is five percent mainly 
due to the fact that the projectile velocity is not measured 'very accu- 
rately, Thus the entire stress measurement system is found satisfactory, 
She incident pulse in the input bar is transmitted to the output bar. 
Since 1iie bars are identical, there is negligible reflection at the 
interface and therefore shows nothing but noise after the first pulse. 
The pulse in the output bar is recorded as compression pulse in the 
lower trace, Ihen the pulse reaches the rear end of the output bar, 
is reflected as tensile p>ulse. This is recorded as secosid imlse in 
the lower trace. The tensile pulse is reflected again into the output 
bar by the interface as compression pulse. The pulse does not propegafce 
into the input bar because of its tensile character. 
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5?he experimentally observed traces diow all the features pre- 
dicted by the clastic theory of waves quite well* Thus, 03ae proceeds 
c'.nfidently towards the next step of placing a- spcciiien between, the two 
bars* 

n zbcrimcnta 1 Results on Epoxy Specimen: 

Rig. 11 shows the oscilloscope trace of a typical ^ot (Ho. l) 
when the epoxy specimen is sandwiched between the two pressure bars and 
the striker bar impacts the input bar. The upper trace cciresponds to 
the input bar signals and the lower trace correspox^s to ihe ewtput bar 
signals. The input bar s:^nal is recorded at a vertical sensitivity of 
0 nv/division vdiile the output bar signal is roccidai at 2 mv/divisicn. 
sensitivity. The horizontal sweep rote is 50 sec/division. In upper 
trace the first pulse is the incident pulse of 1l5 ^-^sec. duration and 
248 MPa caapxressive stress. The secord pulse is reflected pulse frem 
the interface of the input bar and the specimen. As discussed in 
CliaptoivII, the roflectod pulse is tensile in character and so its pola- 
rity is inverted. Its magnitude is large in the b^ imin g ^en only 
small portion of the mciaentum is transmitted. It decreases as the mag- 
nitude cf the transmitted pulse increases. The transiitted pulse is 
recorded in the lower trace. The stress, ccepressive in nature, rises 
f ren zero to the final value of 70 MPa* The unloading iJart of the pulse 

is not jtaportont for this study# 


IIG. 11: CBOinoSCOIE DISPIAY KE SHOE Ho.1 
HOEBOIEAL SIEBP EAEE - 50 HIC!SOSB(X)SDS/i)I7]BIj01 
VERTICAL SEliSITLriDY* 

urns TMCE - 5 M7/i)OT3SIOH 
lOWER TRACE - 2 MV/ilTISIOH 
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The three measured (juartities are sufficient to determine averse 
stress and the strain rate of deformation of the epoKy specimen* Equa- 
tions are modified to the following equations to account for differences 
in cross-section areas of tars and the specimen. The modified equations 
are: 


Oar 


s 


and 



where Aj^ ytnri a are the cfoss section areas of the bar and the specimen 

respectively, ^ CTj stress levels of the input, reflectcai 

and transmitted pulses respectively. is the average stress wiiiiin 

- ^ . -1 , 

the specimen, ^ is strain rate, m sec and ^ is average strain in 
the specimen. 


Thus the trace fr® the photographs provide relation between 
stress and time and strain rate and tine. Averse strain is obtained 
by graphical integration of the strain rate with respect to time. Each 
photograph of the trace is eniaiged to 210 nm Z 280 eei size for accu- 
rate measuraaents. 


Similar experdnents are conducted on the identical specimen 
but the velocity of the striker is varied by having differeBcfc nitregen 
gas p3?essure in the breech asscaabiy. Then, the m^nitude of the 
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incident pulse changes which in turn cha33ges the rate of defomation. 

In fact} there is no direct control on the strain rate. The speciuen 
defom at high strain rate if the load on it is higher. Other three 
shots’CnUQher 2,3, end 4) are tabulated in the Tablejl along with the 
shot' number 1. The traces are ^own in Pigs. 12,13} 14- respectively. 

The stress-strain relation for each case is plotted in the Pig. 15* The 
figure also ^ows the q,uasi-statijc stress-strain curve for the sgaxrj 
obtained on Instron Machine. Strain rate in each shot decreases es the 
strain of the specimen increases. At low strains, curves are shown 
only by dashed lines because they are questionable. This is due to 
inherent limitation of Kolsky pressure bar technique v^ich camot measure 
strain accurately till the stress in the specimen becomes more or loss 


uniform. 


It is evident from the Pig. 15 that epoxy is a very much strain 
rate sensitive material. As the averipge strain rate hrareases from 
920/sec. to 1450/sec., the stress-strain curve shifts upwards ?diich means 
for the same strain, higher stress is required. In fact, at 5% strain, 
stress required to deform the specimen of the daot-1 at strain rate 
1450/sec. is about lOCfo higher than idxat is required at quasi-static 
loading. Even when we empare the two neighbouring curves of ^ot^ and 


. "UiroT ■!«! SHFS 1/1166 OS 46^ st 5^ deforms^ 

5, the difference in the stress fevel is as imge as 

+vi^ 4 - < 5 t-r«iin rate effect on Ihe defomation 
tioh. Therefore, we conclude that strain rave 


of epoxy is quite prominent. 








inU. 13 : CSCIIIiOSCOiB DIBPKY PCE SSOT SO. 3 
HORIZOMIAIi SWEEP EifflE - 50 MIGR0SSK5OHDS/DI7ISIOH 
VEBIIG/ll fiEKSHHIDY: 

UPPm TRACE - 5 m/DTfJSlO'S 
IDWER TRACE - 2 M7/DIVISI0R 





Sm. 14 : CBCIHDSCOEE DISPI4Y K5R ffiOI M). 4 
HOEIZOHC/i.1 SWEEP EfilE - 50 MIGRCSEOOSDS/^IVISIOH 
TTEKEIG^ SEES IE ITU Y: 

TEACB - 5 MT/DITISIOS 
lOWR lEACE - 2 M/DITISION 



Stress, MPa. 
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2!h.e character of each stress-strain curve is not very different 
frcaa that of quasi-static curve* In each case, as the strain increases j 
the slope of the curve decreases. The smaller slope at hi^ stress makes 
the sound velocity in the specimen snaller, vdiich in turn decreases the 
■ «.coustic impedence. The result is quite useful for the validity of the 
Kolsky pressure bar setup, because the low etcoustic impedence makes the 
stress unifom in the specimen. 

The curve for quasi-static test between true stress and true 
strain shows a maximum at about ^ strain. The decrease of stress beyond 
strain is due to the way the specimen is tested in the Instron mschino. 
The specimen is loaded in displacement controlled mode end therefore it 
cannot fail in catastrojiiic manner, even though the lo^ required for 
further def cjmation is less. In a load controlled test the specimen 
would, have failed at 6^ strain. 

At comparatively lower strain rate of the ^ots 3 and 4 the 
specimen can take more than strain befo3re they approach maxim. 
Hov/ever, at higher strain rate shots 1 and 2 the maximum seems to occur 
betv/een 7/and ^ of strain. 

In short an epoxy specimen can take more strain at high rate 
of defoimation without failure than the maximixi failure strain of 
quasi-static test, but the exact relationship is not clear froa the 
limited experiments of this study. 
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The laagliis of the speci ’.on are ueasured bofore and after the 
test with a ■vernier calliper as shown in the Table-2, It is clear frcn 
the table that the specimen recover their ler^ths after they are unloaded. 
Therefore the epoxy behaves like a viscoelastic material eiren 'thop^ it 
is subjected to hi^ stresses at hi^ strain rates. 

The transnitted pulse of ^ot 3 (figure 13) shows an unusual rise 
towards its tailj which is shown by a dashed line in the figure 15 • It 
is believed that -the behaviour does not represent the material property. 
Rather it may be due to frictional effects at the interfaces between -the 
specimen atid the bars. Although care is taken to poli^ the mating 
surfaces and applied a good lubricant at the interfaces high friction 
might have developed at high cesapressive stresses. Then ■the specimen 
is not free ■fco release its stresses in lateral direction. As a result j 
the specimen no Icager deforms in an uniaxial stress mode. In fact, its 
defonaation is mainly go'verned by the bulk modulus, Because of tt^se 
reasons, this kind of deformation in Act 3 is not taken into ^ount* 

Tc sum up, the experimental resilts on Kolsky setup ares 

(1 ) The entire setup works as it was checkfid on bars with no 
specimen. 

(2) The epoxy is highly rate sensitive. 

(5) The epoxy remains viscoelastic at high straixv rates. 











GHAFfER - V 


GOroHDIIC TtETv^ARKS 

The study has been successful in meetirg the primaiy goal ?fcich 
is to setup the ccmplete Kolsky bar apparatus for testing specimen at 
high strain rate. The task is achieved by designing, fabricating and 
testing a 20 nun bore Air-gun. Then the pressure bars, strain gauge aM 
its circuits, triggering device are attached and tested. The electrical 
noise, #iich caused problem for several months is bronght under control by 
using proper wiring, electrical connectors and grounding. The proper 
caaera attachment is found, to take pictures frcm the oscilloscope screen. 
The photograi^ were enlarged to 21 0 X 280 ma sizes for better data re- 
duction. 

By conducting tests on epoxy specimen, it is ^own with a con- 
fidence that ihe enxire setup is working well. However certain minor 
modifications will further improve it. The input bar diould be made 
about longer so ISSat tkere is ample triggering time availabte before 
the pulse reaches the strain gauges. Also, to increase the sensitivity 
of the strain gauge circuits, strain gauges of higher resistance (say 
350-^ ) ^ould be used. Another convenient feature will be to ^d an 
int^ratirg circuit to obtain a direct stress strain curve on the 


screen of an oscilloscope 
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Tests on the epoxy specimen exhibit their sensitivity towards 
strain rate. The stress strain curves shift substantially at the vary- 
ing strain rates over 900 sec . Since the epoxy is quite extensively 
Used in Pibre Eeinforced Plastics, results on epoxy are useful from the 
lorg teim goals of studying dynamic behaviour of ccmposite materials at 
high strain rates. Some preliminary studies on glass fibre reinforced 
materials have already dononstrated their dependence on strain rate. 3y 
knowing the behaviour of pure epoxy, it is hoped, one may be able to 
deteimine what causes the strain rate effect in the coapoeites. 

Determination of stress— strain relaticns at lower strains 
(upto 2% ) are very important from the point of view of the ccmposite 
materials. Most of the commonly used fibres, such as glass erf carbon are 
at least twenty times more stiff than epoxy sn&. therefore in a ccmposite, 
epoxy is rarely objected to such large strains. In ihis study, the low 
strain tests could not be conducted mainly due to the ireasonsJ 

(1 ) the striker could not be fired at very low speeds 

(2) low resistance strain gswges were used. 

It is, therefore, suggested for future that the gun ^ould be replaced by 
a vertical tube in which the striker is dropped from a predeteimined 
height. Then the velocity of the striker can be contix)llsd vexy well. 
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APmDIX : k 

The direct measurement of striker's velocity is made with the 
help of five electrically charged pins. Eadi pair is made of 

two pins; one is grounded and the other one is charged with 5 volts 
potential. All the five pins ar*e placed in a line parallel to the aocis 
of the gun and just outside the barrel. Also, the distance between the 
charged pins of each pair are set at 6 mm. The pins aare connected to 
four time interval measuring counters which can measure time accurately 
to 1 /tf sec. when the steel striker cenes out of the barrel, it n^es 
a contact between the two pins of the fir^ pair ^ich in turn starts 
the first counter. Ihen it c<Hifcacts the second pair, the first counter 
stops counting arid the second starts counting* The process coatnaie 
till all the pairs are Ported. Thus time interval is noasurcjd foa: 
striker to travel 6 nm distance and velocity of the striker is easily 


detemined 


